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Investigation of the  effect of denaturation on certain  chemical, physico- 
chemical, and biological properties of proteins has proved a valuable approach 
in the  study of protein structure.  Further advances have been made  by a 
study of the reversal of the process of denaturation and by comparative meas- 
urements of the properties of a protein in the native and regenerated  1 states. 
Recently, evidence has been given to show that the denaturation of horse serum 
albumin (2) and of pseudoglobulin (3) by urea and guanldine hydrochloride are 
essentially irreversible processe  s (4-6) although the regenerated proteins simu- 
late certain characteristic properties of the native materials from which they 
were derived. 
Investigation of  the  immunological properties  of native  and  regenerated 
horse serum albumin (7,  8) led to the discovery that the two proteins  were 
immunologically equivalent,  but  that  the  regenerated  albumin  exhibited  a 
greatly  reduced  antigenic  activity.  Since,  however,  regeneration  did  not 
produce any significant permanent changes  in size,  shape, or electrochemical 
properties of the protein molecules, which would profoundly affect their osmotic 
activity, it was felt that the regeneration process presented a feasible approach 
to the problem of minimizing undesirable reactions commonly occurring when 
foreign proteins are administered parenterally for therapeutic purposes. 
The studies on the regeneration of horse serum albumin have now been ex- 
tended  to  bovine  albumin.  Greater  availability and  the  naturally  milder 
antigenicity induced  the  selection  of  this  protein  which  has  already been 
suggested by some as a source of plasma substitutes.  ~ 
The present paper describes the  preparation and physicochemical proper- 
* This work was carried out with the aid of grants from The Rockefeller Founda- 
tion, the Lederle Laboratories,  Inc., and the Duke University Research Council. 
A preliminary report of this investigation has already been published (1). 
* "Regeneration" of a  protein refers  to the reversal  of the process applied  for 
denaturation and isolation of that fraction most closely resembling the native protein 
in chemical and physicoehemical properties. 
The literature on this subject has been amply reviewed by Henry (9), Cohn, et al., 
(10), and Janeway (11). 
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ties  of  native  and  regenerated  whole  albumin  whereas  the  immunological 
properties of these proteins will be the subject of a subsequent publication (12). 
EXPERIMENTAL 
I.  Methods of Preparation 
Native Whole Bovine Albumin.--In the preparation of whole bovine albumin 
existing methods of salt fractionation were modified to give a procedure adapt- 
able to rapid large scale isolation of reasonably pure products.  Previous work 
(13, 14) had already indicated that simple salt precipitation was an insufficient 
means for the preparation of electrophoretically homogeneous bovine albumin. ~ 
Rather than devise elaborate methods for further purification, it was proposed 
to rely for the elimination of globulin impurities on their relatively greater 
susceptibility to irreversible denaturation by urea or guanidine hydrochloride, 
since it had already been demonstrated that up to 85 per cent of serum globu- 
lins will precipitate upon regeneration (3), as compared with only 15 per cent 
for serum albumin (2). 
Essentially  homogeneous  albumin  preparations  were  obtained  by  low 
temperature precipitation of globulins with ammonium sulfate (2.1  ~) at pit 
6.4, followed by room temperature precipitation of the albumin at the pH of 
its isoelectric point  (pH 4.7),  at 2.6 ~  ammonium sulfate (13).  Euglobulin 
impurities  were removed by isoelectric precipitation from salt-free albumin 
solutions at pH 5.0.  Two precipitations of albumin were found sufficient to 
yield a satisfactory product. 
In this method, advantage is taken of the difference in the respective tem- 
perature coefficients of solubility of the bovine serum proteins.  It was found 
that bovine albumin, like horse, but unlike human albumin (15), has a negative 
temperature coefficient of solubility, whereas the solubility of the horse and 
bovine globulins seems to be governed by a positive temperature coefficient. 
The sharpness of separation of the serum proteins is thus materially aided by 
precipitation of the globulins in the cold. 
The preparation was followed throughout by identification of the products 
by their electrophoretic mobility. 
5 liters of beef serum,  4 clarified by passing  through a  Chardin filter,  No. 5254, 
were adjusted to pH 6.4 with 2 N acetic acid.  Slow  precipitation was effected  in a 
4  °  C.  bath, under mechanical  stirring,  by intermittent addition of sufficient solid 
ammonium sulfate to give a final  concentration of about 1 ~.  A solution  of 4 ,a 
3 Although the crystallization of highly purified  preparations of bovine albumin 
has been reported (10), details of the procedure remain unpublished. 
4 We are indebted to Drs. W. G. Malcolm and B. M. Lyon of the Lederle Labora- 
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ammonium sulfate, adjusted to pH 6.4, was added, dropwise, until a  final concen- 
tration of 2.1 ~  was reached.  The precipitate was allowed to settle over a period of 
36 hours at 4  ° C.  The supernatant fluid was siphoned off and both supernatant and 
residue filtered on  a  Buchner  funnel.  Under  these  conditions, a  readily filtrable 
granular precipitate is  obtained. 
The  combined filtrate and  supernatant solution were adjusted to the isoelectric 
point of serum albumin, (pH 4.7), and the solution (now about 7 liters in volume) 
was slowly brought to a final concentration of 2.6 ~r at room temperature,  5 by drop- 
wise addition of 4 x~ ammonium sulfate, under continuous stirring.  After the pre- 
cipitate had  settled  overnight,  the  supernatant  liquor was  siphoned  off  and  the 
granular precipitate in the residue filtered on a Buchner funnel; an average yield of 
about 95  gin.  of moist albumin filter cake was  obtained per liter of serum.  The 
supernatant solution gave a slight test for protein. 
Albumin precipitates obtained in this manner from various batches of beef serum, 
were combined, dissolved in a  minimum quantity  of distilled water, and  dialyzed 
in the cold against running tap water and distilled water until free of ammonia.  The 
suspension was next adjusted to pH 5.0, and, after standing overnight in the ice box, 
the precipitated euglobulins were  centrifuged off,  the  dear  supernatant  being set 
aside for reprecipitation of the albumin.  The yield was about  18  gm.  of protein 
per liter of serum. 
Reprecipitation was carried out at room temperature.  The solution was adjusted 
to pH 4.7, and the salt concentration raised to 2.4 ~r, with respect to ammonium sul- 
fate, by a combination of gradual addition of solid salt and of a 4 ~  solution of am- 
monium  sulfate.  A  bulky  precipitate  was  collected;  the  supernatant  solution, 
containing only small amounts of protein, was discarded.  Mter washing the pre- 
cipitate on the Buchner funnel with a  solution of 2.4 ~  ammonium sulfate, it was 
dissolved in a minimum quantity of water and dialyzed as before.  A slight amount 
of globulin was removed by isoelectric  precipitation at pit 5.0.  The clarified albumin 
solution was preserved in the frozen state.  Yield:  12 gin. protein per liter of serum. 
The product from the second precipitation was essentially homogeneous in electro- 
phoresis and in diffusion, containing only approximately 4  per cent total globulins 
as revealed by analysis of the electrophoretic patterns (cf.  Table III).  The small 
decrease in  the  relative amount  of  globulin impurities obtained upon  the second 
precipitation did not warrant further purification, in view of practical considerations 
already  stated. 
Several attempts at crystallization of the amorphous albumin preparation were 
undertaken,  involving variations of pH,  temperature,  and  salt concentration.  In 
all  cases  non-crystalline granular  precipitates  were  obtained,  although  in  some 
instances, intense schlieren effects, indicative of  incipient crystal formation,  were 
observed after prolonged stirring. 
The  above procedure for the preparation of bovine albumin was  adopted after 
some experimentation.  In early work an initial step involving alcohol precipitation 
in the cold (16) by the rotating membrane method (17) was included.  These batches 
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were pooled with others that had undergone initial salt precipitation, and the whole 
material  purified  by  the  method  described  above.  The  electrophoretie patterns 
were superimposable with those of lots prepared in later work.  The purified product 
obtained on pooling was used in most of the experiments reported in this paper. 
Regenerated  Whole  Bovine  Albumin.--Regenerated  bovine  albumin  was 
prepared by  the  procedure  already  described  for horse  serum  albumin  (2). 
Bovine albumin dissolved in an 8 ~  solution of urea or guanidine hydrochloride 
was allowed to stand at room temperature for 24 hours and then dialyzed in the 
cold against running tap water and distilled water, until freed of the denaturing 
agent.  The solution was then adjusted to pH 5.25 (with 2 N acetic acid); sub- 
sequent exposure for 30 minutes to a  temperature of 41 °  C. in a  water bath 
resulted  in  the  precipitation  of an  insoluble  fraction.  The precipitate  was 
centrifuged off, and the supernatant solution of regenerated protein was made 
1 : 10,000 with merthiolate and stored in the cold in a toluene atmosphere.  In 
order to simplify the preparation,  reprecipitation of the regenerated albumin 
was omitted. 
Urea (Merck) and guanidine hydrochloride (Eastman) used in this investigation, 
were purified products  recrystallized by methods already described  (2).  Concen- 
trated aqueous solutions  had a pH of 6.8 to 7.0. 
H. Chemical and Physical Properties of Native and Regenerated Bovine Albumin 
1.  Nitrogen and Carbohydrate Content 
Dry weight of the protein was determined by drying at 110  ° C. for 24 hours, and 
ash content by ashing in a  muffle furnace.  Nitrogen analyses were made by the 
semi-micro-Kjeldahl  method.  The  results  of  triplicate  determinations  were  in 
good agreement. 
On a  dry weight basis, the ash content of native bovine albumin, prepared 
as above, was 0.2 per cent and the nitrogen content 15.2 per cent. 
Carbohydrate determinations were made in  triplicate by the orcinol  method of 
S¢rensen and Haugaard (18), with blank correction for the color developed by sulfuric 
acid and protein.  Readings were made on an Evelyn photoelectric colorimeter (filters 
520 and 540), with reference  to an equal mixture of dextrose and mannose (0.1 nag. 
sugar per cc.) as a standard. 
The carbohydrate contents of native, guanidine  hydrochloride-regenerated, 
and urea-regenerated bovine albumin were 0.38, 0.39, and 0.44 per cent respec- 
tively.  The results of these analyses indicate that no carbohydrate is split off 
upon denaturation and regeneration, a finding in agreement with  Neuberger's 
observation (19)  of an unchanged carbohydrate content of egg  albumin  after 
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2.  Molecular Weight and Shape 
Methods 
Viscosity.--Measurements were carried out at 25  °  :t: 0.01 °  C. with the modified 
Ostwald viscometers described previously (20). 
D/ffusion.--Measurements were performed with the refractometric scale method 
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FxG. 1.  Relative viscosities of bovine serum albumin plotted against the protein 
concentration in weight per cent.  In order of decreasing slopes, the curves refer to 
respectively, denatured  serum  albumin in 7.42  ~  guanidine hydrochloride (O), in 
3.96 x¢ guanidine hydrochloride (O), and in 8 ~r urea ([3).  The  curve of the least 
slope refers to native bovine albumin (A), the same protein regenerated from 8 
urea ([3), and regenerated from 8 M guanidine hydrochloride (O). 
at 25 °  q- 0.003 ° C. and were evaluated by methods described in previous publications 
from this laboratory (21). 
Sedimentation Velocity.--Samples of whole bovine albumin, of albumin regenerated 
from 8 u urea, and from 8 ~r guanidine hydrochloride, were sent to Dr. Max A. Lauffer 
of The RockefeLler Institute for Medical Research, Princeton, New Jersey, who very 
generously  performed  sedimentation  vdocity  measurements  with  the technique 
commonly employed in  that  laboratory.  The  analyses were made in  an 0.023  ~r 
acetate buffer of pH  5.0,  containing 0.2  g  NaC1,  in protein concentrations of  1.0 
and 0.5  per cent, respectively.  The same  buffer  was  employed for  diffusion and 
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RESULTS 
Viscosity.--The  denaturing  action  on  bovine  albumin  of  urea  (8  ~)  and 
guanidine hydrochloride  (7.42 M and 3.96 ~) were  compared with one another 
in  the presence  of phosphate  buffer,  pH  7.0,  containing  0.0204  ~  Na2HPO4, 
0.0130 M NaH2PO4,  and 0.1260 ~  NaC1.  Practical difficulties of weighing and 
TABLE I 
DiffusCon Constants* of Native,  Denatured  and  Regenerated Bovine  Serum  Albumin~ 
Time  DI  D2  D,  Dt  Time  D1  D2  D~  D~ 
Seconds  10-7  10-v  10-~  10-~  Seconds  10-7  10-7  10-7  10"7 
1.  Native bovine serum albumin  3.  Bovine albumin  regenerated  from 
8 ~  urea 
47,640  6.95  (8.59)  7.45  7.43  39,240  6.47  (8.40)  7.16  7.03 
79,980  6.93  7.21  7.07  7.23  79,860  6.66  6.97  6.83  6.97 
103,080  7.26  6.84  7.00  7.37  106,380  6.67  6.78  6.81  6.97 
Average  ....  7.16 X  10  -~ 4- 0.21  Average  ....  6.85 X  10  -7 -4- 0.20 
El' .........  7.36 X  10  -7  D' .........  7.04 X  10  -7 
2.  Bovine albumin denatured in 8 ~l urea  4.  Bovine albumin regenerated from 8 
guanidine hydrochloride 
83,280  2.13  2.09  39,600  6.51  (7.53)  6.88  6.92 
128,400  2.24  2.20  71,400  6.31  6.69  6.40  6.56 
166,440  2.23  2.24  93,600  6.23  6.27  6.25  6.44 
Average  .....  2.19 X  10  -7 -4- 0.06  Average  ....  6.50 X  10-~ -4- 0.24 
D' .........  3.86 X  10  -7  D' .........  6.68  X  10  -7 
* D  denotes the diffusion constant in square centimeters per second; D~, D~, and D3 the 
diffusion constants calculated by the maximum height, standard  deviation, and maximum 
height-area methods respectively; D~ the diffusion constant calculated according to equation 
1; and D' the average diffusion constant corrected for the viscosity of the solvent with equa- 
tion 2. 
:~ Protein concentration of 0.7 per cent in all cases. 
transfer precluded comparison of viscosities at strictly equimolar concentrations 
of the denaturing  agents. 
The relative viscosities were determined  in protein  concentrations  varying 
between 0.2 and  1.2 per cent and are plotted in Fig.  1 against  concentrations, 
expressed  in  weight per  cent.  The  limiting  slopes  of  the  curves  were deter- 
mined from  the  intercept  when ~,p/c was  plotted  against  c, where ~,~ is the 
specific viscosity and  c  the  concentration  (22). 
Diffusion.--The  results  of diffusion  measurements  are  given in  Table  I. 
In these experiments it was observed that the maximum height, standard deviation, 
and  maximum  height-area  methods  (21)  gave results  that  were in poor  agreement :F.  W.  PUTNAM~ .T.O.  ERICKSON~ E.  VOLKI'N, AND  lI.  NEIYRATH  519 
when measurements were made in early stages of the diffusion process but in good 
agreement once diffusion  had progressed.  The origin  of this  discrepancy was at- 
tributed to optical difficulties inherent in the measurement of steep refractive index 
gradients by the  schlieren  method, a  condition leading  to errors in evaluating the 
height of the maximum ordinate and to poor fusing of the experimental curve with 
the baseline.  The latter effect results in a gross error in the calculation of the second 
moment in the standard  deviation method.  Calculation by the  maximum height 
or maximum height-area methods likewise induces a magnification of experimental 
errors since these methods also involve the squaring of certain terms. 
As  a  result,  measurements were  considered  reliable  only when made  after the 
initial  steep gradient had become sufficiently  diffuse.  Accordingly,  quantities  en- 
closed in parentheses in Table I were disregarded in the calculation of average values. 
Recourse was also had to a method of calculation which avoids squaring of any 
term, yet considers  the inflection  point as well as the maximum ordinate and the 
area.  Lamm (23) has given the derivation of equation 1 used for this calculation. 
A~F 
D  =  (t) 
In equation 1, A is the area under the curve as determined by graphical integra- 
tion;/~ half the distance between the inflection  points; H, the maximum ordinate; 
and F  a  correction factor for photographic magnification and the optical distances 
between camera, cell, and scale. 
In calculation of the average diffusion  constant a  correction for the viscosity of 
the solvent was applied according to equation 2 
=  D,l~o  (?-) 
in which D  is the average of the measured diffusion  constants, ~/7/o the measured 
relative viscosity of the solvent, and D' the corrected diffusion Constant.  However, 
previous experience  (2) had already made suspect the strict validity of this equation 
in  solutions  of  high  viscosity.  Accordingly,  in  the  calculation  of  the  molecular 
weight of denatured bovine albumin in 8 ~  urea, an empirical correction was also 
applied, D' being multiplied by the factor 1.1. 
Molec~Jar-Kinetic  Constants.--Apparent  molecular shapes neglecting hydra- 
tion,  (b/a),  of the  native,  denatured,  and regenerated bovine albumin were 
calculated from the limiting slopes of the viscosity curves by graphical solution 
of the Simha equation (24)  (Table II).  Dissymmetry constants (f/fo)~ were 
evaluated from viscosity measurements.  Molecular weights were calculated 
from viscosity and diffusion data (M~), and from diffusion and sedimentation 
data,  (M,).  Values for the molecular shape assuming 33 per cent hydration 
(b/a) ~ are also listed in Table II. 
3.  Electrophoretic Properties 
Method 
The Tiselius electrophoresis  apparatus equipped with the Philpot-Svensson optical 
system, as already described (4),  was used for electrophoretic analysis of fractions 520  IqATIVE  AND  REGENERATED  BOVINE  ALBUMIN.  I 
obtained during the  course of  preparation and for  characterization of  native and 
regenerated albumin.  All measurements were made at 1  ° C. in a monovalent sodium 
veronalosodinm chloride buffer of  pH  7.6  and essentially 0.1  ionic strength,  at  a 
protein concentration of about 1 per cent.  The buffer was prepared by dissolving 
6.183 gin. of NaV and 4.091 gin. of NaC1 in slightly less than 1000 cc. of distilled water, 
5.0 ~ HC1 was added to produce the desired pH, and the solution made up to 1 liter. 
Various  fractions  obtained  in  the  purification process  were  analyzed  electro- 
TABLE II 
Molecular-Kinetic  Constants of Native,  Denatured, and  Regenerated Bovine  Serum  Albumin 
Protein 
gative  ....... 
Denatured  in 8 x 
urea 
gegenerated from 
8 "u urea  ......... 
Regenerated from 
8  ~r  guanidine 
hydrochlorlde... 
G 
4.04 
19.3~ 
4.1; 
3.9'/ 
'(D  a 
4.7  3.I 
15.4  12.1 
4.8  3.2 
4.6  3.1 
1.23 
1.80 
1.24 
1.22 
D J 
10--7 
7.36 
4.01 
7.04 
6.68 
$20 
S* 
4.06 -4- 0.27~ 
4.10-,I-0.25 
4.76-4.-0.25 
Md 
65,000 -4-  6.000 
107,800::1=  7,000§  I 
73,200 d-  6°000 
88,900=1:10,000 
Mm 
61,000 -4- 6,000 
64,300 -~ 6,000 
78,700.4- 7,000 
* Svedberg units. 
~: This value is in good agreement with that  reported by Cohn  a  a/. for native bovine 
albumin (10). 
§ Molecular weight calculated  with the empirical correction for the diffusion constant 
(see text). 
TABLE III 
Per Ce~ Composition of Fractions of Bovine Serum* 
Preparation 
Crude globulin precipitate. 
Isoelectric euglobulin precipitate... 
Albumin, first precipitate.. 
Albumin, second precipitate. 
Albumln 
#er ces# 
4.7 
25.6 
79.4 
95.8 
a-Globulln 
per ¢¢~ 
12.9 
63.0 
11.1 
(2.4) 
~lobul/a i 
I 
pee 
6.4 
11.4 
9.5 
(1.8) 
-/-Globulin 
76.0 
0 
0 
0 
* Data calculated from area under descending boundary. 
phoretically.  This involved graphical integration of enlarged tracings of the electro° 
phoretic patterns by customary methods, s 
RESULTS 
Identification of electrophoretic components was made on the basis of their 
mobilities while their relative concentrations were determined from the areas 
under the respective boundaries.  Variations of between 50 and 100 per cent 
were experienced in measuring the relative amount of a component comprising 
s We are indebted to Mrs. Jane Sharp for carrying out the graphical analyses. F.  W.  PUTNAIV[~ J.  O.  ERICKSON~ E.  VOLKIN~ AND  H.  NEURATIt  521 
FIG. 2.  Electrophoretic  patterns  of  fractions  of  beef  serum  and  of  native  and 
guanidine  hydrochloride-regenerated  albumin.  The  left-hand  side  of each picture 
represents  the  ascending boundary,  the  right-hand  side,  the  descending boundary. 
The sharp peaks near the center indicate the position of the starting boundaries.  All 
runs  were  made  at  1  °  C.,  pH  7.6,  ionic  strength 0.1,  in a  sodium veronal-sodium 
chloride  buffer.  (a)  Isoelectric  euglobulin  precipitate;  180  minutes  migration  at 
5.70 volts per cm. ; (b) reprecipitated  native bovine albumin; 240 minutes migration 
at 5.48 volts per cm, ; and (c) bovine albumin regenerated from 8 ~  guanidine hydro- 
chloride;  246  minutes  migration  at  5.76  volts per  era.  In the  order of decreasing 
mobility the peaks in (a) represent respectively:  albumin, c~-globulin, and ~-globulin. 
less than  10 per cent of the total protein  (equivalent  to less than 0.1  per cent 
protein concentration).  Accordingly, the results of such determinations  have 
been  enclosed by parentheses  in Table  III. 522  NATIVE AND REGENERATED BOVINE ALBUMIN.  I 
Calculations were made from the descending boundary.  100 per cent refers 
to the total area under the curve exclusive of that of the ~-boundary. 
Representative  electrophoretic  diagrams  of  (a)  the  euglobulin  fractions 
obtained by isoelectric separation from the first albumin precipitate, (b) purified 
native,  and  (c)  guanidine  hydrochloride-regenerated  bovine  albumin  are 
reproduced in Fig. 2. 
While the electrophorefic pattern reproduced in Fig. 2  (a) reveals this iso- 
electric precipitate to consist largely of globulin, notably of the o~-component, 
it is surprising  that as much as 25 per cent of this material is comprised of 
albumin which, by itself, is not susceptible to isoelectric precipitation. 
Electrophoretic analysis  of the purified albumin  in  the native and  regen- 
erated state indicated the presence of less than 5 to 10 per cent globulin im- 
purities.  With the materials regenerated by urea or guanidine hydroehloride, 
respectively, the globulins constituted about 4 per cent or less.  These figures 
compare favorably with those of Taylor and Keys (14) who report the presence 
of 5 to 7 per cent of a slow moving component, presumably globulin, in prep- 
arations  of native bovine albumin  obtained by either ammonium sulfate  or 
methanol precipitation. 
Electrophoretic  mobilities  were  used  also  to  characterize  native  and  re- 
generated bovine albumin.  All measurements were made under similar condi- 
tions at pH 7.6,  ionic strength  =  0.1  in the sodium veronal-s~lium chloride 
buffer already described.  The mobilities given in Table IV are those calculated 
from the patterns of the descending boundary. 
No significant differences in mobility were observed between solutions of the 
first and second precipitate of a given preparation of bovine albumin or between 
various lots of purified native albumin.  Crystalline carbohydrate-free bovine 
albumin  (obtained  through  the  courtesy  of  the  Department  of  Physical 
Chemistry, Harvard Medical  School) was homogeneous at this pH and was 
characterized by essentially the same mobility as our preparationsJ  For the 
sake of brevity this preparation will hereafter be referred to as "crystalbumin" 
to distinguish it from our preparations of "whole albumin." 
In agreement with results reported for crystalline carbohydrate-containing 
horse  albumin  (5), bovine  albumin regenerated from 8 ~  urea  demonstrates 
a  slightly greater  mobility at  this  pH.  However, under  similar  conditions 
albumin regenerated from 8 •  guanidine hydrochloride is characterized by the 
same mobility as that of the native protein, a result confirmed by duplicated 
experiments.  Similar data for horse serum albumin regenerated from guani- 
dine hydrochloride are unavailable. 
In summary, electrophoretie analysis indicates that native bovine albumin, 
and the same protein regenerated from 8 a  urea or 8 M guanidine hydrochloride 
7 Carbohydrate analyses  of crystalbumin were  made in  this  laboratory by  the 
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are  essentially identical  in  homogeneity  and  similar  in  mobility,  with  the 
exception of a  slight  increase in mobility observed for albumin  regenerated 
from 8 ~  urea solutions. 
TABLE IV 
Electrophoraic MobiUties* of Native and Regenerated Bovine Albumin at pH 7.6 in NaV-NaCI 
Buffer of 0.1 Ionic Strength~ 
Preparation  Mobifity  Remarks 
BS II-VI, SAx  ................. 
BS II-VI, SA~  ................. 
BS VII-VIII, SAt .............. 
BS VII-VIII, SA2  .............. 
BS IX, SA2  ................... 
BS IX, SAtal  .................. 
cmJ s¢¢. -1 ~ol1-1 X lO"J 
--6.29 
--6.22 
--6.35 
--6.39 
--6.28 
--6.38 
First albumin precipitate of pooled 
sera II-VI. 
Second  albumin  precipitate  of 
above. 
First albumin precipitate of pooled 
sera VII-VIII. 
Second  albumin  precipitate  of 
above. 
Second  alb.mln  precipitate of 
serum IX. 
Precipitate  of supematant of above. 
Mean  mobility of whole  native 
bovine albumin ..............  --6.32 4- 0.07 
Crystalbumin  .................  --6.42  Homogeneous 
BS II-VI, SA2 regenerated from 
8 ~r guanidine hydrochloride..  --6.29  Duplicate measurements 
--5.30 
BS II-VI, SAs regenerated from 
8 u urea ....................  --6.55 
* Calculated from patterns of the descending boundary. 
~: Buffer composition as given in the text. 
4.  Enzymatic Hydrolysis of Native and Regenerated  Bovine Albumin 
The rates of tryptic hydrolysis of whole native and regenerated bovine al- 
bumin were investigated in an attempt to detect differences in internal structure 
occurring  upon  denaturation  and  regeneration.  A  similar  investigation  of 
crystalline horse albumin has already been described (6). 
Method 
The  conditions of these experiments, and  the methods involved, were identical 
with those previously described (6), the only deviation being that in this study double 
quantities were used throughout in order to increase sensitivity.  Panereatin u. s. P. 524  NATIVE  AND  REGENERATED  BOVINE  ALBUMIN.  I 
X  (Merck) was used as the source  of tryptic  activity. Solutions  of substrate  (I00 
rag.)  and enzyme (80 rag.)  dissolved  in  a 0.05  ~ phosphate buffer  of  pH 7.8 were in- 
cubated at 37  ° C.  The progress  of hydrolysis  was measured by fonnol titrations  of 
aliquots  of  the  solution  of  enzyme and substrate. 
o 
I00- 
o  80. 
o  60 
0 
/ 
o  0 
J 
J 
HOURS 
FIG. 3.  Tryptic hydrolysis of native and regenerated bovine serum albumin.  The 
lower curve (O) refers to whole native carbohydrate-containing albumin, the upper 
curve (e)  to the same protein regenerated from 8 ~¢ guanidine hydrochlofide, and 
the broken curve (n) to native, crystalline, carbohydrate-free albumin.  In aU cases, 
100 mg. of protein were subjected to hydrolysis by 80 mg. of pancreatin X. 
RESULTS 
The results  of duplicate determinations are given in Fig.  3, in which  the 
amount of 10  -3  N NaOH  required for  the  formol titration  of 10  mg. of substrate 
is plotted against the time of proteolysis. 
As may be seen  from Fig.  3, the  rate of  hydrolysis of  the regenerated  protein 
exceeded  that  of native  albumin.  The magnitude  of  the  difference  in  the 
proteolytic rates of native and regenerated protein,  as well as the extent of 
hydrolysis in  each  instance,  is  comparable to  that  observed for native  and 
urea-regenerated horse serum albumin  (6).  By analogy,  it may be inferred 
that the increased susceptibility of regenerated bovine albumin is an indication 
that this protein is actually in a denatured state. F. W. PUTNAM~  ~. O. ERICKSON~ E. VOLKIN~  AND H. NEURATH  525 
The initial rate of hydrolysis of native bovine crystalbumin (Fig. 3) is inter- 
mediate between that of whole native albumin and of whole albumin regen- 
erated from 8  x~ gnanidine  hydrochloride.  However, at  all  times  the  pro- 
teolytic rate of native crystalbumin is greater than that of native whole albumin 
and soon approaches that of whole albumin regenerated from 8 ~  guanidine 
hydrochloride,  s 
5.  Distribution  between Regenerated and Irreversibly Denatured Bovine Albumin 
Metkod 
The distribution  between  regenerated  and  irreversibly  denatured protein 
was studied as a function of the concentration of urea and gnanidine hydro- 
chloride for both whole bovine albumin and crystalbumin. 
2 per cent solutions of the protein were allowed to stand at room temperature for 
about 24 hours in a given concentration of the denaturing agent.  They were then 
dialyzed in the cold  until free  of urea or guanidine  hydrochloride, dialysis  often 
resulting in the precipitation of irreversibly  denatured protein on the walls  of the 
container.  The soluble regenerated albumin was separated from the insoluble  irre- 
versibly denatured protein by the method of heating at 41  °  C.  at pH 5.25 for 30 
minutes, followed by centrifugation and washing of the precipitate (2). 
Separation of irreversibly denatured and regenerated protein may also be effected 
by fractional precipitation with salt.  Experiments previously reported for horse 
serum albumin (2) demonstrated both methods to yield the same quantitative dis- 
tribution.  In view of the rather wide limits of salt concentrations within which whole 
bovine albumin is precipitated from solution,  the heating method was  chosen  for 
this  investigation. 
Nitrogen analyses of aliquots of the supematant solution were made in duplicate 
by the semi-micro-Kieldahl  method; precipitates were analyzed similarly. 
RESULTS 
In Fig. 4, the per cent of irreversibly denatured protein is plotted as a func- 
tion of the concentration of the denaturing agent.  It may be observed that 
for whole albumin a recovery of 95 per cent of the original protein as regenerated 
albumin  is  obtained,  independent of the concentration of guanidine hydro- 
chloride above 4 5.  The corresponding experiment involving whole albumin 
in urea was not undertaken because of the gratifying yield found for guanidine 
hydrochloride, and since previous experience with horse albumin had indicated 
s The corresponding  experiment involving the  tryptic digestion  of regenerated 
bovine crystalbumin has been performed, giving the result that the rate of hydrolysis 
of native crystalbumin constantly was less than that of the same protein regenerated 
from 8 x¢ guanidine hydrochloride.  These experiments are subject to publication at 
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the quantitative distribution to approach the same level in higher concentra- 
tions of urea or guanidine hydrochloride (2). 
With crystalbumin, a  considerably higher yield of irreversibly denatured 
protein was observed than for the whole bovine albumin.  The relation be- 
tween  concentration  of  urea,  or  guanidine hydrochloride, and  per  cent  of 
Q 
60 
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~  40 ¸ 
i  30" 
-J 
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I.- 
l  I0- 
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IN GUANIDINE HCL 
0 
WHOLE ALBUMIN IN 
GU,4N~/DINE HCL 
O~  0  ' 
!  ! 
MOLAR CONCENTRATION  OF UREA OR GUANIDINE HCL 
FIG. 4.  The fraction of total bovine serum albumin irreversibly  denatured after 
dialysis, plotted against the molarity of urea or guanidine hydrochloride  at which 
denaturation occurred. 
irrevers~ly denatured material is in qualitative accord with that obtained with 
crystalline horse serum albumin. 
DISCUSSION 
Modification of existing methods of salt fractionation has enabled the prep- 
aration of beef serum albumin which, after reprecipitation, is about 95 per cent 
homogeneous electrophoretically; it appears  homogeneous when  studied by 
sedimentation and diffusion methods.  The protein represents whole albumin, F. W. PUTNAM, ]. O. ERICKSON, E. VOLKIN, AND If. NE~TEATH  527 
and, in analogy with horse serum albumin (25, 26), probably contains com- 
ponents of varying carbohydrate content.  This is also borne out by the fact 
that crystalline, carbohydrate-free bovine albumin has already been isolated 
<10). 
In the method of preparation, advantage has been taken of the observation 
that bovine albumin, as well as horse albumin (27), exhibits a negative tempera- 
ture  coefficient  of  solubility in  concentrated ammonium sulfate  solutions. 
With either protein this property may readily be demonstrated by observation 
of the precipitate arising when a cold solution of the protein, already brought 
to the point of incipient turbidity with ammonium sulfate, is slowly allowed 
to attain room temperature?  In this respect, horse and beef albumin appear 
to  differ  from human albumin, for which Kendall (15) reports  a  positive 
temperature coefficient of solubility under similar conditions. 
The molecular-kinetic  constants of native whole bovine albumin, as deter- 
mined by diffusion, sedimentation, and viscosity measurements, are similar to 
those found for horse serum albumin (2, 10).  The molecular shape properties 
correspond to those of a prolate ellipsoid of revolution.  The molecular weight, 
when calculated from diffusion and viscosity data, is  65,000 -4-  6,000, and 
61,000 q-  6,000 when calculated from diffusion and sedimentation data.  In 
both instances a value of 0.75 has been assumed for the partial specific volume. 
The electrophoretic  mobility of this protein at pH 7.6 is close to that of a 
mixture of fractions A and B of horse serum albumin, when measured under 
similar conditions (5). 
Denaturation  of  bovine  albumin  by  urea  and  guanidine  hydrochloride 
follows the same pattern already described for horse albumin.  The extent of 
denaturation was evaluated by a study of the distribution between irreversibly 
denatured, and regenerated components, and by measurements of the increase 
of the specific viscosities of the protein solutions.  Both criteria indicated a 
greater denaturing power of guanidine hydrochloride as compared with equi- 
molar concentrations of urea. 
While gross changes in molecular shape, concurrent with denaturation, are 
apparent, evaluation of molecular weights in the presence of high concentrations 
of the denaturing agents is attended with some difficulty.  As already noted, 
limitations in the diffusion method led to the introduction of empirical correc- 
tion terms.  While the calculated molecular weight of whole bovine albumin 
in 8 x, urea solutions is considerably  higher than that of the native protein, 
9  With horse serum albumin, the formation and growth of crystals may actually 
be seen through the microscope by placing a drop of the cold solution on the slide. 
Crystallization starts instantaneously and is complete after about 5 minutes.  Crys- 
tals formed by exposing the cold solution to room temperature redissolve when 
the suspension is chilled to 4  ° C.  This reversible process of crystallization and dis- 
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examination of the diffusion curves by the method of successive analysis failed 
to indicate significant deviations from homogeneity, thereby excluding aggrega- 
tion as a  factor in raising  the apparent molecular weight of the denatured 
protein.  A similar situation has been experienced with horse serum albumin 
(2) although osmotic pressure measurements (28) indicate that the molecular 
weight of this protein remains unchanged upon denaturation by concentrated 
urea  solutions.  Determinations  of  the  true  molecular  weight  of  urea-de- 
natured bovine albumin must await enlistment of  independent  methods of 
investigation.  I° 
The regenerated protein molecules bear a certain resemblance to the intact 
native unit.  No changes in carbohydrate content occur during the denatura- 
tion-regeneration procedure,  while  the  drastic  changes  in  molecular  shape 
resulting from denaturation become quantitatively reversed  during regenera- 
tion.  Within the limits of the resolving power of the present methods, native 
and  regenerated  whole  bovine  albumin  reveal  almost  identical  molecular 
weights, although a slight elevation has been found to result upon regeneration 
from concentrated solutions of guanidine hydrochloride,  n 
In some procedures for the modification of proteins, changes in  the degree 
of homogeneity occur32  However, analysis by the methods of electrophoresis, 
diffusion, and sedimentation reveals that the present method not only  preserves 
the homogeneity of the native protein but that, actually, the regenerated pro- 
tein contains a slightly reduced amount of electrophoretic impurities. 
In previous studies on horse serum albumin,  electrophoretic mobility has 
been considered as a criterion for the reversibility of the denaturation process 
(5).  While, in analogy with those studies, urea-regenerated bovine albumin 
revealed a  slightly higher mobility than  the  native protein,  no  changes in 
mobility could be found following regeneration from guanidine hydrochloride. 
This difference in behavior does not invite elaborate explanation as long  as 
analogous data on horse serum albumin remain unavailable. 
Comparative measurements on the rates of tryptic hydrolysis have also been 
considered as sensitive criteria for the reversibility of the denaturation process. 
Here, bovine albumin follows closely the behavior previously established for 
horse serum albumin (6).  To a considerable degree, the regenerated material 
is more susceptible to tryptic fission than the native material.  This finding, 
together with  the observation  that  irreversibly denatured,  and  regenerated 
horse  serum  albumin  are  equally  susceptible  to  proteolysis,  indicates  the 
occurrence of irreversible changes in the structure of the bovine albumin con- 
10 Osmotic pressure measurements are being undertaken in this laboratory in  the 
hope  of solving this problem. 
11 This apparent increase in molecular weight may arise from an increase  in  the 
partial specific volume of the protein. 
m Cf. reference (9), page 471. ~'. W. PUTNAM,  J. O. ERICKSON,  E. VOLKIN,  AND  ]3[.  NEURATH  529 
comitant to  the  denaturation-regeneration process.  Denaturation  of  these 
proteins, under the conditions described, is therefore, irreversible. 
The reversible denaturation and inactivation of crystalline  proteolytic enzymes, 
studied by Northrop, Kunitz, and Herriott (29), appears to be a somewhat different 
process.  Under specified conditions of pH and temperature reversal could be achieved 
only if the proteins were exposed to the denaturing action for a short period of time. 
In the present studies, however, the serum proteins were exposed to a given concen- 
tration of the denaturing agent long enough for the denaturant to exert its full effects. 
Under  these  conditions,  denaturation is  irreversible.  Similar  considerations  may 
apply (30) to the discrepancies between the present findings and those obtained by 
Anson and Mirsky (31) for the reversible denaturation of hemoglobin by sodium 
salicylate. 
The  bovine  crystalbumin used  in  this  investigation represents  a  highly 
purified fraction of whole albumin (10),  devoid of carbohydrate constituents. 
Although it resembles whole albumin in certain physicochemical properties, 
i.e.  molecular  weight  and  electrophoretic  mobility,  differences  in  intrinsic 
structure may be revealed by factors significant in characterizing susceptibility 
to denaturation. 
A larger proportion of crystalbumin was irreversibly denatured by concen- 
trated solutions of urea or gnanidine hydrochloride than was found for whole 
bovine albumin.  As  indicated by Fig.  4,  the corresponding quantities are 
about 50 per cent and 5 per: cent respectively.  Unpublished data on hand 
indicate that the viscosity increase produced by 8 M urea solutions is greater 
for crystalbumin than for whole albumin.  Finally, crystalbumin has  been 
found to be more susceptible to tryptic hydrolysis than the protein from which 
it was derived (Fig. 3).  Hence, by these three criteria, crystalbumin is more 
liable to denaturation, and less susceptible to regeneration, than whole native 
bovine albumin. 
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SD3vr~&Ry 
I.  Whole bovine albumin, homogeneous in diffusion and sedimentation, and 
essentially homogeneous in electrophoresis, has been prepared by a  method 
involving ammonium sulfate precipitation of the globulins in the cold and of 530  NATIVE  AND  REGENERATED  BOVINE  ALBUMIN.  I 
the albumin  at room temperature,  isoelectric precipitation  of the euglobulins, 
and reprecipitation  of the albumin. 
2.  The product has been characterized by chemical analysis and by viscosity, 
diffusion,  sedimentation,  and  electrophoresis  measurements.  The  carbo- 
hydrate  content  is 0.38 per cent,  the nitrogen  content,  15.2  per cent.  The 
molecular shape approximates that of a prolate ellipsoid with an axial ratio  of 
3.1, assuming 33 per cent hydration; the average molecular weight is 65,000. 
3.  Bovine albumin is readily denatured by concentrated solutions of urea or 
guanidine hydrochloride, gross changes in molecular shape resulting. 
4.  Regeneration  of  bovine albumin  denatured  in solutions of 8  ~  urea  or 
guanidine  hydrochloride  yields a  material  closely resembling  the  native  in 
carbohydrate  content,  in  molecular  size  and  shape,  and  in  electrophoretic 
properties.  However, the regenerated protein differs from the native  in sus- 
ceptibility to tryptic digestion, and, in this respect, appears to be in a denatured 
state. 
5.  In 8 M solutions of guanidine hydrochloride a limiting yield of regenerated 
albumin equivalent to 95 per cent of the original protein is approached. 
6.  Bovine crystalbumin, a crystalline carbohydrate-free fraction of the whole 
albumin,  appears  to be more susceptible to denaturation  than  whole bovine 
albumin. 
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